ABSTRACT: Four Hereford steers (500 ± 4.5 kg of BW) cannulated in the proximal duodenum were used to evaluate the effects of vegetable oil source or fish oil quantity on ruminal biohydrogenation (BH) and CLA outflow. Steers were fed 1 of 4 treatment diets in a 2 × 2 factorial arrangement of treatments (oil source: canola vs. corn oil; fish oil quantity: 0 or 1%) in a 4 × 4 Latin square design. The remainder of the diet included chopped bermudagrass hay, dry-rolled corn, and protein/mineral supplement. Duodenal samples were collected for 4 d after 11-d diet adaptation periods. Data were analyzed with animal, period, oil source, fish oil, and 2-way interaction among oil source and fish oil quantity in the model. All interactions among oil source and fish oil inclusion were nonsignificant with the exception of trans-11 vaccenic acid (TVA) and trans-9 octadecenoic acid. Intake and duodenal flow of total longchain fatty acids did not differ between treatments. Apparent ruminal DM digestibility was not altered by oil source or fish oil inclusion. Apparent ruminal digestion of fatty acids did not differ among oil sources but was increased (P = 0.03) with fish oil supplementation. Ruminal BH of oleic and linolenic acids was increased (P = 0.01) for diets containing supplemental canola oil compared with corn oil. Ruminal BH of linoleic acid was greater (P = 0.01) for diets containing supplemental corn oil compared with canola oil. Fish oil addition reduced (P = 0.01) oleic acid BH but did not alter (P > 0.26) linoleic or linolenic acid BH. Duodenal flow of palmitic acid was greater (P = 0.05) for steers supplemented with corn oil compared with canola oil. Fish oil inclusion in the diet increased (P = 0.01) flow of n-3 fatty acids (eicosapentaenoic acid, docosapentaenoic acid, docosahexaenoic acid), trans-10 octadecenoic acid, trans-12 octadecenoic acid, and cis-9, trans-11 CLA. Trans-9 octadecenoic acid and TVA flows to the duodenum were increased (P = 0.01) when fish oil was included in the canola oil-supplemented diet; however, no changes were observed when fish oil was included in the corn oil-supplemented diet (P of interaction = 0.06 and 0.08). Fish oil inclusion increased the outflow of n-3 fatty acids, trans-10 octadecenoic acid, and the majority of CLA isomers including cis-9, trans-11. These results suggest that fish oil addition alters ruminal formation of BH intermediates that is dependent on oil source supplemented in the diet.
INTRODUCTION
Beef fat contains a high proportion of saturated fatty acids and some unique fatty acids with anticarcinogenic effects like CLA and trans-11 vaccenic acid (TVA) as a result of ruminal biohydrogenation (BH) of dietary unsaturated fat. Researchers continue to explore ways to enhance fatty acid composition of beef by supplementing plant oils (Gillis et al., 2004; Dhiman et al., 2005; Hristov et al., 2005) , oilseeds (Andrae et al., 2001; Madron et al., 2002) , or rumen-protected fats (Gillis et al., 2004) . Formation of BH intermediates, TVA and CLA, is dependent upon the quantity of dietary linoleic acid (Bauman et al., 1999) . Supplementing plant oils with increased concentrations of linoleic acid to enhance TVA and CLA in tissues also increases linoleic acid content of fat tissues (Andrae et al., 2001; Madron et al., 2002; Gillis et al., 2004) . Previous research has shown that extent of ruminal BH increases with increasing unsaturation of dietary fatty acids (Duckett et al., 2002) , indicating that the greatest ruminal bypass (34%) would occur for oleic (C18:1) acid.
Inclusion of fish oil in lactating cow diets has been shown to increase CLA, TVA, and n-3 fatty acids in milk fat (Abu-Ghazaleh et al., 2002a,b; Jones et al., 2000) . Donovan et al. (2000) examined the quantity of dietary fish oil inclusion and observed that greater than 1% reduced milk production but maximal milk CLA and TVA levels were observed with 2% dietary fish oil. AbuGhazaleh et al. (2002b) reported additive effects of including fish oil via supplemental fish meal in combination with extruded soybeans. Enser et al. (1999) also reported increased TVA in tissues of beef cattle fed fish oil. Our hypothesis was that dietary oil supplementation would increase duodenal outflow of unsaturated fatty acids depending on the fatty acid composition of the oil source and that the addition of fish oil would modify ruminal BH to increase duodenal outflow of CLA and TVA.
MATERIALS AND METHODS
The experimental procedures, including surgeries, were reviewed and approved by the University of Georgia Animal Care and Use Committee.
Animals
Four Hereford steers (500 ± 4.5 kg of BW; 16 mo of age) cannulated in the proximal duodenum were fed 1 of 4 diets in a 2 × 2 factorial arrangement of treatments (oil source: canola vs. corn oil; fish oil quantity: 0 or 1%) in a 4 × 4 Latin square design. A T-type cannula (University of Wyoming, Laramie) was inserted by a veterinarian into the proximal duodenum of each steer while under local anesthesia. Steers were housed inside the Large Animal Research Unit in individual pens with concrete-slatted floors. Rubber mats were provided in each pen for animal comfort. Steers had ad libitum access to plain salt blocks throughout the duration of the study.
Diets
In addition to grass hay, diets included a soybean meal-based protein supplement and dry-rolled corn. Ingredient and chemical composition of the diets are presented in Table 1 .
All diets contained 4% supplemental oil with varying fatty acid composition (Table 2 ). All diets were formulated to be isonitrogenous and isolipid, and included Rumensin (Elanco Animal Health, Greenfield, IN) fed at a level of 250 mg·animal −1 · d −1 of monensin activity. Bermudagrass hay was coarsely chopped to approximately 5 cm in length. Animals were individually fed daily at 0800 h with total daily intake being 95% of intake determined during a preliminary period in which feed supply was unlimited to minimize refusals during the sampling period. Chromic oxide (10 g·animal
) was added to the diets as an external marker for estimating duodenal flow.
Sample Collection and Analysis
Experimental periods lasted 14 d with 11-d for diet adaptation and 3-d for sample collection. After the 11-d adaptation period, duodenal samples (200 mL) were taken 12 times over 3-d with sampling at 6-h intervals and sampling times shifted ahead by 2 h each day such that samples represented duodenal contents from 12 equally spaced intervals over a 24-h day. Feed samples were collected daily during each sampling period. Feed Oil source effects on biohydrogenation samples were immediately frozen after collection. Duodenal samples were composited on an equal-liquid volume basis for each steer within each period and frozen for later processing. Later, duodenal digesta and feed samples were thawed, lyophilized, and ground through a Wiley mill (1-mm screen, Thomas Scientific, Swedesboro, NJ) for subsequent analyses of DM, CP, and ash content (AOAC, 1990) , and fatty acid composition (Duckett et al., 2002) .
Fatty acid composition of feed and duodenal samples was determined by the direct transmethylation procedure of Park and Goins (1994) . Methyl esters were separated by gas chromatography (Agilent 6850, Wilmington, DE) using a 100-m Supelco SP2560 (Supelco, Bellefonte, PA) capillary column (0.25-mm i.d. and 0.20-µm film thickness) as described by Duckett et al. (2002) . Fatty acids were quantified by incorporating an internal standard, methyl heptacosanoate (C27:0) into each sample before methylation. Chromium concentration was measured via spectrophotometry in digesta, feed, and refusals after ashing at 450°C followed by acid digestion (Fenton and Fenton, 1979) . Concentrations of Cr and fatty acids in the feed, refusals, and digesta were used to calculate digestibility and duodenal flow of fatty acids (Schneider and Flatt, 1975) . The percentage of BH for total and individual unsaturated fatty acids was calculated according to Wu et al. (1991) . Biohydrogenation of n-3 fatty acids was estimated by difference of intake and duodenal appearance according to Scollan et al. (2001) .
Data were analyzed as a mixed linear model (SAS Inst. Inc., Cary, NC) to account for the fixed effects of plant oil source, fish oil quantity, and 2-way interaction, and the random effects of animal and period. All interactions between plant oil source and fish oil inclusion were nonsignificant (P > 0.10) except for trans-9 and trans-11 octadecenoic acids, which tended (P < 0.10) to be significant. Significance was determined at P < 0.05. Differences of P > 0.05 to P < 0.10 are discussed as trends.
RESULTS AND DISCUSSION
Dry matter or fatty acid intakes did not differ (P > 0.05) among oil sources or with fish oil addition (Table  3) . Others have reported no reduction in DMI when supplementing sunflower oil (2 or 4%; Sackmann et al., 2003) , corn oil (2.36%; Duckett et al., 2002) , yellow grease (2 to 6%; Zinn et al., 2000) , or high oil corn (Duckett et al., 2002) to finishing steer diets. Fish oil addition has been shown to linearly reduce DMI in dairy cattle supplemented with 0 to 3% menhaden fish oil (Donovan et al., 2000) . These authors also found that milk yield increased with 1% fish oil but decreased linearly with increasing fish oil supplementation above 1%. AbuGhazaleh et al. (2002a) also reported reductions in DMI with the addition of 2% menhaden fish oil alone or 1% menhaden fish oil plus 1% fat from extruded soybeans in lactating dairy cow diets. Preliminary research before the initiation of this experiment also revealed that DMI was greatly reduced with crude fish oil inclusion above 1%, and for those reasons we used 1% fish oil inclusion in this experiment. Similarly, AbuGhazaleh et al. (2002b) reported no reduction in DMI with 0.5% fish oil provided from fish meal. Flow of DM or fatty acids at the duodenum did not differ (P > 0.10) among oil sources.
Supplementation with fish oil tended (P = 0.08) to decrease the flow of fatty acids to the duodenum. Apparent ruminal digestion of DM or fatty acids did not Crude fish oil generously provided by Omega Protein, Reedville, VA. Crude fish oil contains many fatty acids (C16:2, C16:3, C16:4, C21:5, C24:0, C24:1) that were not identified in our standard analyses, which is reflected in the large unidentified fatty acid percentage.
differ (P > 0.20) by oil source. These values for apparent ruminal digestion of DM are small compared with those estimated from total tract (Gunter et al., 1997; Scholljegerdes et al., 2004; Hristov et al., 2005) ; however, the values agree with results reported in earlier studies (Duckett et al., 2002; Sackmann et al., 2003) evaluating lipid supplementation using a chromic oxide marker to estimate duodenal flow. Pavan et al. (2007) has shown linear decreases in apparent in vivo digestion of DM, OM, and NDF with increasing corn oil supplementation in grazing cattle. Scholljegerdes et al. (2004) reported decreased ruminal OM disappearance when feeding high-linoleate or high-oleate seeds to heifers consuming bromegrass hay. The values for apparent ruminal digestibility of long-chain fatty acids in the rumen are negative, but are within the range of those reported by others (Jenkins, 1993; Duckett et al., 2002; Sackmann et al., 2003) . In a review by Jenkins (1993) , fatty acid gains across the rumen were observed when fat supplements were added to cattle diets. Apparent ruminal digestibility of long-chain fatty acids was greater (P = 0.03) for steers supplemented with fish oil but DM digestion was unaffected (P = 0.42) by fish oil inclusion.
Total fatty acid intake was similar between oil sources and fish oil, but intake of individual fatty acids differed due to the composition of the various supplemental oils (Table 4) . Supplementing canola oil instead of corn oil increased (P = 0.01) intake of oleic acid, linolenic acid, and unidentified fatty acids but decreased (P = 0.01) intake of palmitic and linoleic acids.
Intake of the other fatty acids [lauric, myristic, palmitoleic, stearic, arachidonic, eicosapentaenoic (EPA), docosapentaenoic (DPA), and docosahexaenoic (DHA) acids] were unchanged (P > 0.52) by supplemental oil source. Inclusion of fish oil in the diet increased (P < 0.05) the intake of myristic, palmitic, palmitoleic, EPA, DPA, DHA, and unidentified fatty acids. Addition of fish oil tended (P = 0.08) to decrease the intake of linoleic acid. Intake of lauric, stearic, oleic, and linolenic acids was unchanged (P > 0.21) by the addition of fish oil in the diet. Oil source effects on biohydrogenation
Ruminal BH of dietary unsaturated C18 fatty acids as influenced by dietary forage and fish oil inclusion is shown in Table 5 . Total C18 unsaturated fatty acid BH did not differ (P = 0.60) between oil sources; however, individual C18 unsaturated fatty acid BH differed by oil source. Ruminal BH of oleic and linolenic acids was greater (P = 0.01) for canola oil-supplemented than corn oil-supplemented steers. Ruminal BH of linoleic acid was greater (P = 0.01) for corn oil than canola oil-supplemented steers. Duckett et al. (2002) reported similar levels of BH for linoleic and linolenic acids in steers supplemented with high oil corn or added corn oil to those reported here for corn oil-supplemented. In contrast, oleic acid BH concentrations were greater Main effect means are presented for a 2 × 2 factorial arrangement of treatments in a 4 × 4 Latin square design.
3
Total C 18 unsaturated fatty acid (USFA) biohydrogenation, % = 100 -[100 × (total C 18 USFA/total C 18 in digesta)/(total C 18 USFA/total C 18 in feed)]. Main effect means are presented for a 2 × 2 factorial arrangement of treatments in a 4 × 4 Latin square design. Duckett and Gillis (83.9% vs. 70 to 78%) for canola oil-supplemented steers than corn oil-supplemented reported here or in previous studies with high oil corn or added corn oil (Duckett et al., 2002) . Therefore, our attempts to increase oleic acid flow to the duodenum by supplementing canola oil failed due to greater BH with the supplementation of canola oil. Fish oil inclusion reduced (P = 0.01) BH of oleic acid but did not alter (P > 0.12) total C18 unsaturated fatty acid, linoleic, or linolenic acid BH. Using the methods of Scollan et al. (2001) , we calculated ruminal BH of EPA, DPA, and DHA based on differences between intake and duodenal digesta. These calculations showed that BH of these highly unsaturated fatty acids was very extensive (>98%) in steers fed high-concentrate diets containing dietary fish oil. Scollan et al. (2001) reported increased BH (over 90%) for EPA and DHA in steers fed concentrates, grass silage, and 5.4% fish oil. Kitessa et al. (2001a) also reported extensive BH of n-3 fatty acids in tuna oils. These authors (Kitessa et al., 2001b) found that transfer of EPA into the milk of goats was 3.5% with unprotected tuna oil supplementation but increased 120% if the tuna oil was protected in a casein-formaldehyde matrix. Therefore, attempts to increase n-3 fatty acid composition in beef via fish oil supplementation to steers consuming high-concentrate diets will be limited unless these dietary fatty acids can be protected from extensive ruminal BH.
Flow (g/d) of long-chain fatty acids and biohydrogenation intermediates at the duodenum of steers fed diets containing different oil sources or inclusion of fish oil is shown in Table 6 . Supplementing corn oil instead of canola oil increased (P < 0.05) the flow of palmitic acid and EPA to the duodenum. Inclusion of fish oil in the diets increased (P < 0.05) the flow of EPA, DPA, and DHA to the duodenum. Stearic acid flow tended to be less (P = 0.08) for steers receiving fish oil supplementation. Flow of lauric, myristic, myristoleic, pentadecyclic, oleic, linoleic, and linolenic did not differ among oil sources or inclusion of fish oil.
Biohydrogenation of dietary linoleic acid to stearic acid is sometimes incomplete, yielding several intermediates including various trans or cis octadecenoic acids and CLA isomers (Bauman et al., 1999) . Supplementing corn oil instead of canola oil did not alter the flow of BH intermediates to the duodenum except for a tendency (P = 0.08 and 0.06) to increase cis-12 octadecenoic acid and cis-9, trans-11 isomer of CLA. Fish oil supplementation increased the flow of trans-9, trans-10; trans-12, cis-11; and cis-12 octadecenoic acids. The cis-9, trans-11 isomer of CLA was increased (P = 0.01) by 300% with supplementation of fish oil to the diet. Fish oil addition also increased (P = 0.01) cis-11, trans-13; trans-10, cis-12; various cis, cis; and trans-9, trans-11 isomers of CLA. Total CLA flowing to the duodenum was 205% greater (P = 0.01) with fish oil addition.
The interaction between fish oil inclusion and oil source tended to be significant (P = 0.06 and 0.08) for trans-9 octadecenoic and TVA (Figure 1) . In canola oil-supplemented diets, fish oil inclusion increased (P < 0.05) formation of trans-9 octadecenoic and TVA compared with no fish oil addition. In contrast, fish oil inclusion did not alter trans-9 octadecenoic or TVA flow to the duodenum in steers consuming corn oilsupplemented diets. These results suggest that fish oil modifies ruminal formation of BH intermediates, but this response appears dependent upon oil source supplemented. Evaluating the formation of TVA and CLA, cis-9 trans-11 isomer as a percentage of dietary linoleic acid (Figure 2 ) also showed that fish oil addition resulted in greater TVA formation in combination with canola oil than corn oil. Fish oil addition, regardless of oil source, increased the outflow of CLA at the duodenum. Figure 2 . Flow of trans-11 vaccenic acid (C18:1trans-11) and CLA cis-9, trans-11 isomer by dietary treatment as a percentage of linoleic (C18:2) acid intake. Interaction between oil source and fish oil inclusion is significant (P = 0.05) for trans-11 vaccenic acid. Fish oil inclusion increased (P = 0.001) CLA output as a percentage of linoleic acid intake regardless of oil source. t = trans.
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